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Background:  Glutathione S-transferases (GSTs) comprise a multifunctional
group of enzymes that play a critical role in the cellular detoxification process.
These enzymes reduce the reactivity of toxic compounds by catalyzing their
conjugation with glutathione. As a result of their role in detoxification, GSTs
have been implicated in the development of cellular resistance to antibiotics,
herbicides and clinical drugs and their study is therefore of much interest. In
mammals, the cytosolic GSTs can be divided into five distinct classes termed
alpha, mu, pi, sigma and theta. The human theta class GST, hGST T2-2,
possesses several distinctive features compared to GSTs of other classes,
including a long C-terminal extension and a specific sulfatase activity. It was
hoped that the determination of the structure of hGST T2-2 may help us to
understand more about this unusual class of enzymes.
Results:  Here we present the crystal structures of hGST T2-2 in the apo form
and in complex with the substrates glutathione and 1-menaphthyl sulfate. The
enzyme adopts the canonical GST fold with a 40-residue C-terminal extension
comprising two helices connected by a long loop. The extension completely
buries the substrate-binding pocket and occludes most of the glutathione-
binding site. The enzyme has a purpose-built novel sulfate-binding site. The
crystals were shown to be catalytically active: soaks with 1-menaphthyl sulfate
result in the production of the glutathione conjugate and cleavage of the sulfate
group.
Conclusions:  hGST T2-2 shares less than 15% sequence identity with other
GST classes, yet adopts a similar three-dimensional fold. The C-terminal
extension that blocks the active site is not disordered in either the apo or
complexed forms of the enzyme, but nevertheless catalysis occurs in the
crystalline state. A narrow tunnel leading from the active site to the surface may
provide a pathway for the entry of substrates and the release of products. The
results suggest a molecular basis for the unique sulfatase activity of this GST.
Introduction
Glutathione S-transferases (GSTs; EC 2.5.1.18) are a
superfamily of enzymes which play a vital role in the cel-
lular detoxification process. Xenobiotic metabolism can be
divided into three phases: phase I enzymes oxidise,
reduce or hydrolyse the substrate, introducing a reactive
group that can be attacked by phase II enzymes which
conjugate the activated substrate with a small molecule
making the conjugate more water-soluble for excretion
from cells by phase III enzymes. GSTs represent an inte-
gral part of the phase II detoxification step and are
believed to be the most important family of enzymes
metabolising electrophilic compounds [1]. The primary
role of GSTs is to conjugate the tripeptide glutathione
(GSH) to a wide range of endobiotic and xenobiotic
electrophilic substrates. The increased solubility of the
conjugated products renders them more readily elimi-
nated by the cell. As a direct consequence of their role in
detoxification, GSTs have been implicated in the devel-
opment of the resistance of cells and organisms towards
drugs, insecticides, herbicides and antibiotics [2,3].
Cytosolic GSTs exist as dimers with a subunit molecular
weight of ~25 kDa. Based on substrate specificity and
primary structures, mammalian cytosolic GSTs have been
grouped into at least six distinct classes: alpha, kappa, mu,
pi, sigma and theta [4–7]. In general, the intraclass amino
acid sequence identity is greater than 70%, whereas the
interclass identity is usually less than 30%. Crystal struc-
tures from the alpha, mu, pi and sigma class in complex
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with various inhibitors and substrates have been reported.
These studies have shown that the overall polypeptide
fold is similar despite the low levels of inter-class sequence
identity (for reviews see [8,9]). Each class exhibits unique
features, however, especially in the vicinity of the active
site and the C terminus that define the substrate repertoire
for a particular GST. A tyrosine residue near the N termi-
nus was observed to hydrogen bond to the sulfur atom of
GSH in the alpha, mu, pi and sigma class crystal structures.
Mutagenesis studies have confirmed that this tyrosine is
responsible for the activation of GSH by promoting
thiolate formation (for reviews see [8,9]).
The theta class GST family contains a disparate group of
enzymes from a diverse range of organisms, including bac-
teria, plants and insects. The mammalian theta class GST
family have been only recently identified in humans, rats
and mice [5,10]. The inability of this class of enzymes to
bind to GSH affinity matrices (routinely used in the
purification of GSTs) and their low activity with the classi-
cal GST marker substrate, 1-chloro-2,4-dinitrobenzene
(CDNB), have meant that they have been the least
studied of the established mammalian GST classes (alpha,
mu, pi and theta) [11]. Mammalian theta class GSTs can
react with sulfate esters, unlike other GSTs, and are sug-
gested to be important in the prevention of hepatocarcino-
genesis [12,13]. Theta class GSTs have also been utilized
in the metabolism of industrial chemicals, such as halo-
genated alkanes and aliphatic epoxides, where sometimes
the resultant metabolite may become mutagenic and car-
cinogenic [14]. For example, methylene chloride causes
lung and liver cancer via its GSH metabolite [15]. To date,
two theta class GSTs, hGST T1-1 and hGST T2-2, have
been identified, cloned and sequenced from human
tissue. These enzymes share 55% sequence identity and
exhibit distinct substrate specificities [13,16–18]. Recently
a number of non-mammalian GST crystal structures have
been determined; these include two theta enzymes from
an insect and a plant [19,20]. These enzymes share some
sequence similarity to the mammalian theta class enzymes
and they both adopt the canonical GST fold. The two
known theta class structures have implicated a serine
residue in promoting the thiolate anion form of GSH and
this observation has been supported by site-directed
mutagenesis [11,21]. There has been no report to date of a
mammalian theta class GST crystal structure.
In comparison to GSTs of known three-dimensional struc-
ture, hGST T2-2 is novel in that it possesses a 40 residue
C-terminal extension and a unique sulfatase activity. Fur-
thermore, hGST T2-2 displays less than 15% interclass
sequence identity and the structure is therefore expected
to reveal additional unique features beyond that seen in
published GST structures. Indeed, there have been
suggestions that the theta class of GSTs requires sub-
division [20]. Here we present the first crystal structure of
a mammalian theta class GST, hGST T2-2, in its apo form
and in complex with GSH and 1-menaphthyl sulfate
(MSu). A serine residue appears to activate the substrate,
GSH, rather than a tyrosine residue as found in the other
mammalian GST classes. There are two surprising features
of the structures: the active site is buried; and the enzyme
appears to have a purpose-built sulfate-binding site. Such a
site has not been observed in any other GST structure to
date. The crystals are shown to be catalytically competent
in their reaction with MSu, even though the active site is
buried in the crystal structure. Finally, the structures
provide a molecular basis for the sulfatase activity. 
Results
The structure of hGST T2-2 complexed with GSH is a
homodimer of two identical subunits with each monomer
containing 244 amino acids. The monomer is comprised of
two domains (Figure 1a). Domain 1 (residues 1–78) contains
a bab unit (residues 1–31) connected to a bba unit (residues
55–78) via a long surface-exposed region that contains a small
a helix (a 2). (The secondary structure nomenclature has
been made consistent with other published GST structures.)
The four stranded mixed b sheet is flanked by the helices a 1
and a 3 on one side of the sheet and partially shielded from
solvent by helix a 2 on the other face. The fold of this domain
belongs to the thioredoxin superfamily [22]. A ten-residue
linker connects domain 1 to the mostly a -helical domain 2.
The latter domain (residues 89–244) contains six a helices in
which helices a 4 and a 8 are irregular. Helix a 4 is more accu-
rately described as three helices: a 4A (residues 89–105), a 4B
(residues 112–117) and a 4C (residues 119–123). There is an
approximate 35° change in the direction of the helical axis
between a 4A and a 4B. The mainchain hydrogen-bonding
network is broken in the region between the two helical seg-
ments (residues 106–111) due to the presence two glycine
residues and a mainchain carbonyl group of Arg107 that
points towards the N terminus of helix a 4B. If this carbonyl
group bonded onto the i+3 amide of helix a 4A, it would
cause unfavorable interactions with the carboxylate moiety of
Glu172. At the helix a 4B–a 4C junction, the carbonyl moiety
of Gln117 is unable to hydrogen bond to the mainchain of
Pro121. Helix a 8 is better described as two helices, a 8A
(residues 203–210) and a 8B (residues 212–222), with one
residue of a helical turn missing at position 211. Helix a 8
wraps round the exterior of the molecule making mostly van
der Waals contacts with helix a 1 of the same monomer. An
eight-residue extended loop connects helix a 8 to helix a 9
with the latter helix pointing down and towards the twofold
axis of the dimer. This helix lies in a cleft between the a 4–b -
turn–a 5 motif of one monomer and helix a 5 from the other
monomer, at an angle of about 50° with respect to the axes of
these helices. The interdomain contacts are predominantly
hydrophobic in character with the exception of two salt
bridges and five hydrogen-bonding interactions. The
interactions involving the linker peptide between the two
domains are dominated by the aromatic residues Trp84 and
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Tyr85, which act as wedges between the two domains.
Trp84 forms van der Waals interactions with Phe20, Val162,
Leu164, Phe200 and the Ne 1 atom hydrogen bonds to the
sidechain of Asn24. Tyr85 sits in a hydrophobic pocket sur-
rounded by the sidechains of Ile72, Val95, the aliphatic
moiety of Arg92, His96 and Leu164.
The dimer has approximate globular dimensions of
60 Å · 55 Å · 45 Å (Figure 1b). Unlike the other GST
structures reported to date [19,20,23–26], there is no V-
shaped dimeric interface in hGST T2-2, as a consequence
of the C-terminal helix a 9 which points in towards the
dimer interface. This helix does not contribute to any
intersubunit contacts although the C-terminal proline
residue is in van der Waals distance with its equivalent
residue in the other monomer. The dimerization contacts
are mainly located at the base of the molecule and are pre-
dominantly hydrophobic in character. There are three
hydrogen bonds (mainchain of Ile63 to Arg94, Thr65 to
Glu97, Glu66 to the mainchain of Trp101) and no salt
bridges at the base. There is one salt bridge (Asp104 to
Arg107) located further up the helical towers (defined by
helices a 4 and a 5) of the molecule.
The GSH-binding site (G site)
The GSH molecule is bound in an extended fashion in
the GSH-binding site (G site) with the g -glutamyl moiety
pointing towards the core of the molecule and the glycyl
moiety pointing towards helix a 2 (Figures 1a, 2 and 3a).
This mode of binding is consistent with the observed
binding found in other GSTs [19,20,23–26]. The interac-
tions are predominantly polar with only two polar atoms of
GSH (O32 and N3) not contacting the protein (Figure 2a).
The g -glutamyl moiety is strongly tethered to the protein
with seven polar interactions in total. GSH forms one
interaction with the other monomer, to residue Asp104,
and this interaction is seen in the alpha, mu, pi and sigma
class but not in the insect and plant theta class GSTs.
Glu66 is in the generously allowed region of the
Ramachandran plot and the strained stereochemistry is
presumably counteracted by binding to GSH. The equiva-
lent residue in other GST structures also adopts a strained
conformation. The interaction of Arg107 with substrate is
novel, as in other GST structures only residues in domain
1 or from domain 2 of the other monomer have previously
been observed to interact with GSH. The electron-density
maps (Figure 3) suggest that Arg107 forms a hydrogen
bond with the thiol sulfur of GSH through a water mol-
ecule. We cannot exclude, however, the possibility that
the maps could be interpreted so that Arg107 forms a
direct interaction with the sulfur atom. The glycyl moiety
of GSH only forms one polar interaction with the protein
and so appears less firmly bound to the protein in compari-
son to the g -glutamyl and cysteinyl moieties. There are
two van der Waals interactions (formed by His40 and
Lys53) that serve to stabilise the glycyl moiety, however.
Unlike the mu, pi, sigma and non-mammalian theta class
GSTs, hGST T2-2 does not contain a conserved aromatic
residue from helix a 2 or its flanking regions that interacts
with GSH. The cysteinyl moiety is involved in three polar
interactions with the protein and one putative water mol-
ecule (see below). There is one cis proline in the structure
(Pro55) and it is located in a b turn that lines the G site.
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Figure 1
Schematic representation of hGST T2-2. (a) The monomer with bound
GSH. Domain 1 and domain 2 are colored yellow and red,
respectively; bound GSH is shown in green stick form. Secondary
structure elements are labeled so as to be consistent with previous
publications. (b) The hGST T2-2 dimer. The two monomers are shown
in green and purple and the C-terminal tails (residues 201–244) of
monomers A and B are colored red and yellow, respectively. (The
figures were generated using the program MidasPlus [50].)
This cis proline is conserved in all GST structures and
appears critical for ensuring mainchain hydrogen bonding
about this region to the cysteinyl moiety of the GSH
substrate [19,20,23–26].
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Figure 2
Schematic diagrams showing the residues
contacting the substrates (a) GSH and (b) 1-
menaphthyl GSH. The key to the figures is
shown in Figure 2a. (The figures were
generated using the program LIGPLOT [51].)
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Structure
The mobility of helix a 2 and its flanking regions, which
form one wall of the G site, has been considered of
functional importance in the catalytic mechanism of GSTs.
As a consequence of its surface-exposed location, this
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Figure 3
Stereoview electron-density maps in the
region of the active sites of the various
structures discussed in the text. The maps
were calculated using all reflections before
the introduction of substrates or solvent. (a)
Fobs–Fcalc map of the hGST T2-2 complex
with GSH; the contour level is 3s . (b)
Fobs–Fcalc map of the hGST T2-2 apo
structure; the contour level is 3s . The putative
sulfate (or phosphate) ion is marked as a
water molecule. (c) Fobs–Fcalc map of the
vanadate complex; the contour level is 4s . (d)
2Fobs–Fcalc averaged map of the MSu GSH
complex; the contour level is 1s . Bound
ligands are shown in red and other atoms are
in standard colors. 
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region has displayed increased mobility in all the known
GST structures with respect to the rest of the protein
[19,20,23–26]. In hGST T2-2, however, the corresponding
region does not display increased mobility as a result of
interactions with helix a 9 and with the b sheet in domain
1. If high mobility of this region is important for the
catalytic activity of hGST T2-2, as seems likely by
analogy, this then implies that helix a 9 must move away
from this region during the catalytic cycle.
The binding site for hydrophobic electrophiles (H site)
One distinctive feature of GSTs is their ability to bind a
wide range of substrates. This diversity, in part, arises from
the low sequence identity and hence structural heterogene-
ity within domain 2 which contributes the majority of
residues to the binding site for hydrophobic electrophiles
(H site) [19,20,23–26]. The H site in hGST T2-2 is largely
defined by the C-terminal region of a 4, the loop connecting
b 1 to a 1 and the C-terminal tail. The effect on H-site topo-
logy and accessibility caused by variations in the C-terminal
tails of different GSTs is highlighted in Figure 4. The least
accessible H sites occur in hGST T2-2 and to a lesser
extent in the human alpha class enzyme. In the latter
enzyme, one wall of the H site is extended and capped by a
helical lid (a 9) that lies in a cleft between the C-terminal
region of helix a 4 and helix a 2 above the active-site loop
[23]. This helix makes relatively few contacts with the rest
of the protein and is disordered in the apo enzyme [27]. In
contrast, helix a 8 of hGST T2-2 forms a much more exten-
sive H-site wall with a myriad of contacts between it and
the rest of the protein. There is a large network of hydro-
phobic residues located at the a 1–a 8 interface involving
residues Tyr18, Ile19, Leu201, Leu205 and Ala209. The
interconnecting loop between helices a 8 and a 9 lies in a
similar position to helix a 9 of the human alpha class GST,
however, this loop is stabilized by interactions with the
protein. These contacts principally arise from the b turn
located between b 2 and a 2 in hGST T2-2. Helix a 9 of
hGST T2-2 also forms extensive, mostly hydrophobic con-
tacts with residues Leu35, Gly38 and Lys41, and with the
helix a 4–b -turn–helix a 5 motif. The tail of helix a 9 is tied
down by two polar interactions: the terminal oxygen Pro244
is hydrogen bonded to Arg134 and the mainchain carbonyl
of Ile243 hydrogen bonds to Lys131.
The apo structure
The apo structure of hGST T2-2 is identical to the GSH-
bound structure. The root mean square (rms) deviation on
superposition of the two structures for all Ca atoms of the
dimer is only 0.2 Å. In particular, the C-terminal helix of
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Figure 4
Surface representations [52] of GST structures from each class
highlighting the C-terminal tails in red. GSH is shown in ball-and-stick
form in each figure with atoms depicted in standard colors. GSH is
bound in the G site and the H site is located adjacent to it with the C-
terminal tail forming part of the H-site wall. (a) Human theta class
hGST T2-2. (b) Human alpha class A1-1 [23]. (c) Insect theta class
GST [19]. (d) Rat mu class M3-3 [24]. (e) Human pi class P1-1 [26].
(f) Squid sigma class [25].
the apoenzyme superposes well with that of the GSH-
bound structure and the temperature factors are similar.
The close superposition may partly be due to crystal con-
tacts in the loop connecting helices a 8 and a 9 and in the
N-terminal part of helix a 9 in both monomers (contacting
residues are Pro228, Pro230, Tyr233 and Gln234).
The vanadate-binding site
In the apo structure there was a large unaccounted spheri-
cal piece of density of 6.9s above the mean in the Fo–Fc
electron-density map (Figure 3b). This feature was also
present in omit 2Fo–Fc electron-density maps. The
limited resolution of the data restricted us to modeling
this feature as a water molecule, although the very low B
factor (<15 Å2) suggested that it represented another
entity. In support of this, difference maps calculated after
inclusion of the ‘water’ molecule exhibited a ring of posi-
tive density about the position of the molecule. The novel
sulfatase reactivity of hGST T2-2 lead us to hypothesize
that the feature could be either an endogenous sulfate ion
or a phosphate ion. The latter possibility is supported by
the fact that phosphate buffer is used during the purifica-
tion procedure [21]. We decided to test this proposal by
soaking crystals in solutions of sodium metavanadate; the
highest peak (5.5s ) in the difference Fourier map corre-
sponded to the putative sulfate position (Figure 3c).
Structure of a 1-menaphthyl GSH complex
hGST T2-2 displays specific sulfatase activity towards
aralkylsulfates, such as MSu [13,21]. In order to under-
stand the molecular basis of this activity we soaked crys-
tals of hGST T2-2 in complex with GSH in solutions of
MSu. (There was no evidence as to whether MSu would
bind to the enzyme in the absence of GSH.) The electron-
density maps showed that MSu had reacted in the crystals
to form the 1-menaphthyl GSH conjugate (Figure 3d).
Density for the conjugate and for the cleaved sulfate ion
in the sulfate-binding pocket, described above, were
clearly evident. The sulfate ion is bound in a tetrahedral
arrangement to Gln12, Arg107 and Trp115, Arg239 and a
water molecule (Figures 2b and 3d). The GSH moiety
binds in an identical fashion to that observed in the GSH
complex (Figures 2 and 3). The aromatic moiety sits in a
hydrophobic pocket making contacts with residues
Leu114, Trp115 and Leu119 from domain 2 and residues
Val10, Leu35 and His40 from domain 1 (Figures 2b and
3d). The C-terminal extension of the enzyme does not
directly contact the conjugate but does provide part of the
wall of the hydrophobic binding pocket, with contribu-
tions from Pro228, Ala232 and Met236. The menaphthyl
ring appears firmly wedged in the H site and it appears
likely that MSu would bind in the same position in the
absence of GSH with its sulfate moiety bound in the
sulfate-binding pocket. The structures of the apo enzyme
and the complexed structure appear identical and, in par-
ticular, the C-terminal extensions are superimposable. 
Discussion
Comparison to other GST structures
hGST T2-2 shares less than 15% sequence identity with
the alpha, mu, pi and sigma class GSTs. Despite this low
sequence identity, hGST T2-2 adopts a similar three-
dimensional fold to the other GST classes for which struc-
tures are known. In particular, domain 1 is very similar
with rms superpositions of C a atoms between GST
classes ranging between 1.4 and 1.9 Å (data not shown).
Domain 2 is less similar with differences in the length,
curvature and orientation of the helices. The published
theta class GST crystal structures have been extensively
compared with published mammalian GST crystal struc-
tures elsewhere [19,20] and hence a detailed comparison
will not be presented here.
The crystal structures of two non-mammalian GSTs, from
an insect and a plant, have recently been determined
[19,20]. The level of sequence identity between hGST
T2-2 and the non-mammalian theta class enzymes is low:
for the insect GST it is 23% and for the plant GST it is
26%. The overall rms deviation on superposition of the
crystal structures, however, is 1.47 Å (for 174 Ca atoms)
between hGST T2-2 and the insect GST and 1.75 Å (for
176 Ca atoms) between hGST T2-2 and the plant GST,
reflecting closely similar overall structures (Figure 5).
Domain 1 of hGST T2-2 shares a sequence identity of
40% with the insect GST and 35% with the plant GST
whereas the percentage identities for domain 2 are only
20% and 16%, respectively. This pattern of identity is mir-
rored by the structural similarity between the enzymes
(Figure 5). The rms deviations for domain 1 are 1.35 Å (77
out of 80 Ca atoms) and 1.43 Å (78 out of 80 Ca atoms) for
the insect and plant GSTs, respectively, whereas for
domain 2 the values are 1.40 Å (93 out of 157 C a atoms)
and 1.80 Å (100 out of 157 Ca atoms), respectively. The
most striking difference between the structures is the
absence of the long C-terminal extension in the non-mam-
malian enzymes. The structures provide an explanation as
to why the insect and plant enzymes are capable of
binding weakly to GSH-binding columns whereas hGST
T2-2 cannot: the G site is very deep but accessible in the
non-mammalian theta class enzymes whereas it is almost
totally occluded in the human enzyme due to the C-termi-
nal extension (Figure 4). There are a number of other sig-
nificant differences in the structures. For example, in
contrast to the insect GST, hGST T2-2 and the plant
enzyme possess a longer helix a 4, a similar long loop
between helices a 4 and a 5, and an extra turn at the begin-
ning of helix a 5. Only three residues are totally conserved
in the interdomain core of the three enzymes: Val17,
Leu64 and Tyr73. A characteristic feature of domain 2 in
the insect GST is a high content of aromatic residues, par-
ticularly between helices a 4, a 5 and a 6. The equivalent
domain in hGST T2-2 and the plant GST contains rela-
tively few aromatic residues. 
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The subunit interfaces of all three GSTs are dominated
by hydrophobic interactions [19,20]. There are, however,
some interesting differences. An intersubunit ‘lock-and-
key’ hydrophobic interaction has been described in other
GST structures [24]. This interaction involves an aromatic
residue (Phe52 in alpha, Phe56 in mu and Phe47 in pi
GSTs), termed the ‘key’, from the loop between helix a 2
and strand b 3 and a hydrophobic ‘lock’ from the helices
a 4 and a 5 of the other monomer. The plant GST pos-
sesses the hydrophobic key residue (Phe51) but in hGST
T2-2 and the insect enzyme, a key from domain 2 (Phe150
and Phe140, respectively) is employed. Another differ-
ence concerns the unusual packing of symmetry-equiva-
lent arginine residues at the subunit interface in the alpha,
mu, pi and sigma classes [8,9]. This interaction is replaced
by a stacking of symmetry-related histidine residues (at
position 96) in hGST T2-2 whilst no corresponding inter-
action is seen in the insect or plant GST structures [19,20].
Prior to the crystal structure determination presented
here, it was predicted on the basis of the crystal structure
of a sigma class GST and evolutionary arguments that the
human theta class enzymes would have a predominantly
polar interface and no ‘key’ residue [25]. As the converse
is true, the suggestion that the sigma class enzyme
diverged from a theta class progenitor, prior to divergence
of the alpha/mu/pi split, requires reevaluation.
Despite all these differences, there are marked similarities
between the structures of the different theta class GSTs.
The GSH molecules closely overlap when domain 1 of
each GST is superimposed and the five G-site ligands,
Ser11, His40, Pro55, Glu66 and Ser67, are conserved. Only
hGST T2-2, however, has a G-site ligand (Asp104) con-
tributed from the neighboring monomer. The buried
charged residue, Asp166 of helix a 6, is conserved as are
many of the core hydrophobic residues in both domains.
Asn49 is a conserved residue amongst the theta class
GSTs [28]: in the human, insect and plant GST structures
it appears to play a critical role in stabilizing the loop prior
to the functionally important cis proline. Helix a 2, a highly
flexible and conformationally variable region in GST
structures [8,9], adopts a very similar conformation in the
insect, plant and human enzymes. The rms deviation on
Ca atoms after superposition of helix a 2 and its flanking
regions (residues 32–54) is between 0.6 Å and 0.8 Å. A
possible reason for this close similarity is the presence of a
conserved aromatic residue (Phe45 in hGST T2-2, Phe43
in insect and Phe45 in plant) in helix a 2 which is posi-
tioned in a mostly conserved hydrophobic pocket made up
of residues from the b sheet in domain 1. In particular, this
conserved residue forms a stacking interaction with a
second conserved aromatic residue (Phe6 in hGST T2-2,
Tyr4 in insect, Phe6 in plant). 
The conserved catalytic tyrosine found in the alpha, mu,
pi and sigma classes is replaced by a leucine residue in
hGST T2-2 and this residue points away from the active
site. Instead, Ser11 is within hydrogen-bonding distance
of the sulfur atom of the cysteinyl moiety (Figures 2a and
3a). In the insect and plant theta class GSTs an equivalent
serine was also observed to be close to the sulfur atom of
GSH [19,20]. A putative role for Ser11 of hGST T2-2 in
the stabilization and promotion of the thiolate anion is
supported by site-directed mutagenesis data [11,21]. Fur-
thermore, this serine residue appears to be a conserved
feature amongst the theta class family, although in some
enzymes a threonine residue appears to replace it [28].
A buried active site
The C-terminal extension, consisting of the last two
helices, completely buries the H site and obscures the G
site (Figure 4a); the extension does not move in any of the
structures. There was no obvious, or even transient, crystal
cracking in the MSu-soaking experiments in spite of the
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Figure 5
Comparisons of theta class enzymes.
Stereoview of the Ca trace of the superposed
hGST T2-2 (black trace), insect GST (red
trace) [19] and plant GST (yellow trace) [20]
structures. Every tenth residue is labeled.
(The figure was produced using the program
MOLSCRIPT [53].)
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57 intramolecular contacts and a few crystal contacts that
the C-terminal helix takes part in. Nevertheless, in the
case of the MSu soak the crystallized enzyme is capable of
cleaving the sulfate group and conjugating the substrate to
GSH. The question arises: how do the substrates enter the
active site? There is a narrow tunnel that leads from the G
site to the surface of the molecule (Figure 4a), but it does
not appear large enough to allow passage of GSH or large
hydrophobic substrates. This tunnel is lined by residues
Lys41, Lys53 and Trp145 from the other monomer.
Movement of these surface-exposed residues would suffi-
ciently widen the tunnel for entry of the substrates. The
C-terminal helix forms one wall of the tunnel so that
movements of the helix would also enlarge the tunnel
enough for the passage of substrates and products. The
number of intramolecular interactions involving the C-
terminal extension suggests only a partial displacement is
likely as opposed to a complete destabilization. Alterna-
tively, ‘breathing’ of the molecule may allow substrates to
enter into the H site. Binding of hydrophobic molecules
within essentially inaccessible hydrophobic cores of a
protein has previously been documented [29].
The C-terminal extension enhances the hydrophobicity of
the H site and provides steric limits on the range of its
substrate repertoire. The importance of the extension is
highlighted by the observation that deletion of the region
from Ala220 substantially reduces catalytic activity with
MSu, cumene hydroperoxide and ethacrynic acid (JF,
unpublished results). Examination of the structures shows
that there are no residues from the C-terminal extension
in the direct vicinity of GSH or MSu but it may well play a
role in the binding of other substrates in the H site and in
the catalytic mechanism of certain reactions by activating
the bound substrate. One of the sulfate-binding ligands
(Arg239) is provided by the C-terminal helix.
The sulfate-binding site
The appearance and location of an unaccounted piece of
density in the apo enzyme electron-density maps, and the
known sulfatase activity of the enzyme, suggested the
possibility of a sulfate-binding site. This idea was sup-
ported by the reappearance of the same feature in maps
calculated from vanadate soaked crystals and in maps of
the MSu–GSH complex. The sulfate-binding site is
located adjacent to the break in helix a 4 (i.e. between
helices a 4A and a 4B in Figure 1a). This region includes
two glycine residues and any other residues at these posi-
tions would sterically block the site. The sulfate ion is lig-
anded in a tetrahedral geometry to Gln12 (helix a 1),
Arg107 (helix a 4), Trp115 (helix a 4), and Arg239 (helix
a 9) (Figures 2b and 3). All four residues that bind directly
to the sulfate, as well as the two glycines, are strictly con-
served in the human, mouse and rat GST T2-2 enzymes.
There are no negatively charged residues in the vicinity.
The sulfate-binding site is different to the one observed
in the recently determined crystal structure of human
lysosomal sulfatase, where the sulfate group is found cova-
lently attached to a cysteine sidechain and a metal ion and
also makes interactions with some positively charged
residues [30]. The mode of binding is also different to that
observed in the sulfate-binding protein from Salmonella
typhimurium where mainchain hydrogen-bonding interac-
tions are utilized in binding to sulfate [31].
Mechanism of sulfatase activity
hGST T2-2 has been shown to possess highly specific
sulfatase activity. The enzyme catalyzes the release of
sulfate ions from a variety of aralkyl sulfate esters, such as
MSu and benzyl sulfate, but shows no reactivity towards
aryl or alkyl sulfate esters, such as phenyl sulfate or propyl
sulfate [12]. The sulfate leaving group is important: the
substrate analogs, benzyl phosphate, 1-menaphthyl acetate,
1-menaphthyl alcohol or 1-(chloromethyl)-naphthalene are
not substrates [12,21]. This observation supports our
hypothesis that the enzyme has a specific sulfate-binding
pocket. The presence of GSH or an analog such as S-
methyl GSH is obligatory for the reaction to proceed
[12,21]. In the latter case, an alternative thiol such as cys-
teine or mercaptoethanol can take the place of GSH as a
nucleophile. Kinetic studies are consistent with an
ordered Bi–Bi reaction, in which GSH binds before the
aralkyl sulfate ester and the sulfate ion is released first fol-
lowed by the GSH conjugate [21,32]. This is compatible
with the positioning of the various substituents with
respect to the tunnel entrance seen in the crystal structure
of the MSu complex. The kinetic data suggest that the
reaction between MSu and GSH requires a conformational
change or a change in the electrostatic environment of the
active site induced by the binding of GSH [21,32]. Our
GSH complexed structure shows that the glycyl moiety of
GSH provides some van der Waals contacts to the menaph-
thyl ring. In the same structure GSH binds to two carboxy-
late groups, Glu66 and Asp104 (from the other monomer)
(Figures 2 and 3a), but in the apo structure the charges on
these groups would be uncompensated and could repel any
incoming sulfate group. The products of the reaction are
also inhibitors of the enzyme [12]. This is not surprising as
the structure of hGST T2-2 in complex with the MSu GSH
conjugate indicates that the conjugate is buried within the
active site, tightly packed and forming numerous interac-
tions with protein sidechains (Figures 2b and 3d).
The mechanism for the sulfatase reaction is different to
that used for other more classical GST substrates, such as
cumene hyperperoxide and ethacrynic acid. Mutation of
Ser11, the residue thought responsible for promoting thio-
late formation of the bound GSH, to alanine completely
abolishes activity towards these substrates but results in a
twofold increase in sulfatase activity [21]. This suggests
that GSH does not need to be activated for the sulfatase
reaction to proceed and would be consistent with the
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formation of a reactive menaphthyl carbonium ion after
sulfate release that could react with the less reactive proto-
nated form of GSH. This conclusion is also supported by
experiments which show that GSH can be replaced by
alternative thiol agents when S-methyl GSH is bound to
the enzyme [21]. There appears to be a correlation
between the decreasing size of the residue at position 11
and increasing sulfatase activity [21]. As the active site is
small and buried as a consequence of the C-terminal
extension, the smaller residue could facilitate the passage
of substrates and products into and out of the active site. 
In summary, our data are consistent with a reaction scheme
in which the removal of sulfate from MSu by the enzyme
leads to the formation of a reactive menaphthyl carbonium
ion which conjugates onto GSH. Finally, the product,
S-(1-menaphthyl) GSH, is released from the active site.
Concluding remarks
The ability of GSTs to recognize and react with a broad
spectrum of structurally and chemically diverse com-
pounds has been a hallmark of the superfamily. This
ability has been due, in part, to the low sequence similari-
ties in the H sites of the different family members leading
to quite different H site surface topologies (Figure 4).
Remarkably, in hGST T2-2 the H site is completely
buried. Even more remarkable is the presence of a buried
sulfate-binding pocket at one end of the H site. These
factors make the mammalian theta class enzymes specific
for a much narrower range of substrates and suggest that
they could play very specific detoxification roles in
contrast to the other GST classes. This hypothesis is
supported by the recent identification of bacterial theta
class enzymes that appear to possess highly specific
activities: dichloromethane dehalogenase [33], tetrachloro-
hydroquinone dehalogenase [34], stringent starvation
protein [35] and a b -etherase [36]. Unlike the other GST
classes which have evolved to combat a broad spectrum of
toxins, it appears some theta class GSTs have evolved
with highly specific detoxification roles.
Biological implications
There are three phases in the cellular detoxification
mechanism of small toxic chemicals: phase I enzymes
(for example, the cytochrome P450 family) enhance the
reactivity of the toxic molecule; phase II enzymes conju-
gate a hydrophilic tag to the molecule; and phase III
transporters eliminate the water-soluble conjugates from
the cell. Glutathione S-transferases (GSTs) are an inte-
gral member of the phase II enzyme family and are
found in a wide variety of organisms, ranging from bac-
teria to plants and animals. These enzymes act by cat-
alyzing the conjugation of glutathione (GSH) to a wide
variety of hydrophobic substrates. The activity of GSTs
is believed to be a factor in the development of cellular
resistance to antibiotics, herbicides, insecticides and
clinical drugs. Their are four well established cytosolic
GST classes (alpha, mu, pi and theta), of these the theta
class is the least well studied.
This is the first report of a mammalian theta class GST
structure. Human theta GST (hGST T2-2) shares less
than 15% sequence identity to the other GST classes yet
adopts a similar three-dimensional fold. The N-terminal
domain binds GSH in a mode of binding similar to that
observed in other GST classes. In hGST T2-2, however,
a serine residue is involved in activating the GSH moiety,
whereas in the other classes a conserved tyrosine residue
is involved. hGST T2-2 possesses a novel 40 amino acid
extension (the C-terminal tail) that forms two a -helices
connected by an extended loop. This extension wraps
around the exterior of the monomer with the terminal
helix pointing in towards the dimer interface in a manner
that completely shields the binding site for toxic mol-
ecules and buries most of the GSH-binding site. The C-
terminal tail is not disordered in the apo form and in
order to allow substrate to bind, this helix must either
move or a narrow tunnel leading from the GSH-binding
site to the molecular surface must widen.
hGST T2-2 displays a novel sulfatase activity by remov-
ing the sulfate moiety from certain aralkylsulfates. A
putative sulfate-binding site has been located in the apo
structure and its presence is supported by the binding of
vanadate in the same position. Such a site has not been
observed in any other GST structures to date. The crys-
tals are shown to be catalytically competent despite the
active site being buried. The structure of a complex
between the enzyme, GSH and 1-menaphthyl sulfate
suggests a mechanism for the sulfatase activity.
Materials and methods
Crystallization, data collection and soaks
Crystals were grown as previously described [37]. Briefly, crystals of
hGST T2-2 were obtained using 15% PEG 4K and 2% ethanol as pre-
cipitants, 100 mM HEPES buffer (pH 7.0) and in the presence or
absence of 2 mM reduced GSH. The long, rod-shaped crystals with
unit-cell dimensions a = b = 94.0 Å and c = 120.5 Å belong to the
space group P3121 (or its enantiomorph P3221) as judged by the data
processing programs, DENZO and SCALEPACK [38]. A dimer in the
asymmetric unit corresponds to a Vm value of 2.6 Å3/Da, which is
within the range reported by Matthews [39].
All the heavy atom and substrate work was performed on crystals pre-
pared as described above. In the case of p-chloromercuribenzene sul-
fonate (PCMBS), crystals were soaked overnight in solutions containing
5 mM PCMBS, 25% PEG 4K and 100 mM HEPES buffer (pH 7.0). For
the metavanadate complex, crystals were soaked for nine days in 5 mM
NaVO3, 2 mM GSH, 15% PEG 4K and 100 mM HEPES at pH 7.0. For
the MSu complex, crystals were soaked for ten days in 10 mM MSu,
2 mM GSH, 15% PEG 4K and 100 mM HEPES at pH 7.0.
The data collection statistics are presented in Table 1. Each data set
was collected from a single crystal frozen at 100K. The crystals were
prepared for cryocooling by transferring them into solutions of mother
liquor containing glycerol (starting off at 10% glycerol for 5 min and
then transferring the crystals to higher concentrations in 5% steps for
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5 min duration until a final concentration of 40% glycerol was
obtained). The diffraction data were rather weak despite the use of syn-
chrotron radiation for all data sets. This was due to the small size and
weak diffraction properties of the crystals. Strenuous efforts were
made to overcome these problems by the use of additives, seeding
techniques and other factors that might improve crystal size but these
efforts failed to achieve larger, better diffracting crystals. Nevertheless,
with the help of noncrystallographic symmetry (NCS) averaging, the
resultant electron-density maps were of good quality (Figures 3 and 6)
and the refinement statistics (see below) are typical of conservative
models at modest resolution [40].
Structure determination
The hGST T2-2 structure was solved using the molecular replacement
(MR) technique on the holo enzyme data set. All MR studies were per-
formed using the X-PLOR package [41]. Initially, the search models
were either the insect theta class GST from Lucilia cuprina [19] or the
hGST T2-2 homology model (which was based on the GST structure
from L. cuprina) [42]. These searches proved unsuccessful which was
not surprising as there is only 23% sequence identity between hGST
T2-2 and L. cuprina GST. Consequently, the (dimeric) model was con-
verted to polyalanine and all loops removed. The resultant, trimmed
model accounted for 49% of the total scattering matter. The rotation
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Figure 6
Quality of the final GSH-bound hGST T2-2
model. Stereoview omit map of the C-terminal
helix a 9. The residues in the region of the helix
were omitted from the model and the map
was calculated after a round of simulated
annealing. The final model, in stick
representation, is superimposed; atoms are in
standard colors. 
231231
244244
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Table 1
Summary of data collection statistics.
Apo GSH PCMBS* MSu† VO4‡
Detector§ PF (6A2) HM (BW7B) HM (BW7B) HM (BW7A) HM (BW7A)
Maximum resolution (Å) 3.2 3.2 3.5 3.3 4.0
Total no. of observations 17 711 27 540 13 832 16 846 8782
No. of unique reflections 9362 10 111 10 659 8401 4877
Completeness of data (%) 89.2 (87.2) 96.0 (97.8) 71.3 (62.5) 88.8 (91.6) 92.5 (92.5)
No. of data >2sI (%) 65 (35) 72 (59) 48 (27) 71 (47) 56 (42)
I/sI 7.9 (2.0) 7.4 (3.1) 4.0 (1.5) 6.3 (2.2) 4.1 (2.4)
Multiplicity 1.9 2.7 1.3 2.0 1.8
Rmerge (%)# 10.9 14.8 15.8 14.2 18.5
*PCMBS = p-chloromercuribenzene sulfonate. †MSu = 1-menaphthyl
sulfate. ‡VO4 = sodium metavanadate. §PF is the Photon Factory,
Tsukuba, Japan and HM is the EMBL Outstation, DESY, Hamburg,
Germany; the beamline used is shown in parentheses.
#Rmerge = S hkl S i |Ii – < I>|/|< I>|, where Ii is the intensity for the ith
measurement of an equivalent reflection with indices h,k,l. The values
in parentheses are for the highest resolution shell (approximate interval
of 0.1 Å).
function was calculated in the resolution range 12–5.5 Å (with a 2s
cut-off) and a Patterson radius of 30 Å. The fourth highest peak (3.5 s )
proved to be the correct solution. The Patterson correlation (PC)
refinement protocol [43] was implemented as GSTs have shown vari-
ability in the intersubunit and interdomain angles. There were no peaks
significantly above the noise after PC refinement, however, the fourth
highest peak had filtered to the top solution (0.1100, next highest
0.1087). Using the top peak from the PC refinement, the translation
function was used to resolve the space group ambiguity. In P3121, this
peak gave a top solution in the translation function (9.2s ) with the next
highest peak of 8.3s . In P3221, the top solution of the translation func-
tion was 7.8s indicating that P3121 was the correct enantiomorph. The
preliminary model packed well within the unit cell with no obvious sym-
metry clashes. Several unbiased features such as density for numerous
sidechains, the C-terminal extension and the GSH substrate in the
initial 2Fo–Fc electron-density map indicated that the MR solution was
correct. An independent indicator of the correctness of the structure
comes from solution of the PCMBS derivative using the MR phases.
The highest peaks in the Fo–Fc map were located close to Cys206 and
His210 of monomer A (5.9s ), Cys105 of monomer B (4.5s ), Cys105
of monomer A (4.3s ) and Cys206 and His210 of monomer B (4.1s ).
Model building and refinement
hGST T2-2 crystallizes as a dimer in the asymmetric unit and so twofold
NCS averaging was used to improve the phases. Averaging was per-
formed using the Uppsala software, IMP, MAMA and RAVE [44] and
programs from the CCP4 suite [45]. The Rfactor was 57.4% and Rfree
was 56.8% for the starting model, which dropped to 54.6% and
55.3%, respectively, after rigid-body refinement. From these coordi-
nates, the NCS operator was derived and then improved using IMP.
The initial mask was constructed, using MAMA, from the L. cuprina
GST monomer (including the GSH moiety) that had been superposed
onto the hGST T2-2 starting model. Any overlapping regions of the
mask were accordingly trimmed. The averaging statistics improved sig-
nificantly upon twofold averaging. (The reliability index dropped from
0.44 to 0.19, the correlation coefficient increased from 0.64 to 0.88
and the R factor of the NCS operator decreased from 0.92 to 0.51).
This improvement was reflected in the quality of the averaged maps:
unbiased loops, sidechains and GSH were clearly visible. The averaged
map, in conjunction with SIGMAA-weighted 2Fo–Fc and Fo–Fc maps
[46], enabled model building to proceed rapidly. The model was refined
using X-PLOR and REFMAC within the CCP4 suite [45]. A bulk-solvent
correction was applied to the data and no sigma or low-resolution cut-
offs were used to truncate the data. Throughout the refinement, tight
NCS restraints (200 kcal/mol) were used. The progress of refinement
was monitored by the Rfree value [47]. Despite the poor quality data at
higher resolution, tests with Rfree indicated all the data could be used in
the refinement. Simulated annealing only led to an increase in Rfree and
so was not employed. After each round of refinement a new averaging
mask was created from the updated coordinates. Dummy helices were
positioned where the unaveraged maps indicated the location of the C-
terminal 40 residue extension. Generating a mask to include these
dummy coordinates and subsequent averaging clearly indicated that the
mostly helical C-terminal tail lay between the molecular twofold axis. In
total, five rounds of model building and refinement were required to
produce a final model. GSH molecules were incorporated into the
model at the penultimate stage of model building. In the final round of
refinement, NCS restraints were relaxed (to 100 kcal/mol) on the
sidechains that participated in crystal contacts. The Rfactor and Rfree
values for the final model are 20.8% and 30.6%, respectively for all data
between 15–3.2 Å. The final model accounts for all residues (1–244)
and one GSH molecule per monomer. Grouped B factors (with main-
chain atoms of each residue being defined as one group and sidechain
atoms another group) were refined in the last round of refinement (with
tight restraints) and this was accompanied by a significant drop in the
Rfree value. The final map is of good quality (Figures 3 and 6) and good
stereochemistry (Table 2). The stereochemical quality of the final model
as assessed by PROCHECK [48] was good with 88% of the residues
in the most favoured region of the Ramachandran plot (Figure 7). There
are three residues in the generously allowed region of the Ramachan-
dran plot (Glu66, Gln79 and Ser79). Glu66, or its equivalent, has been
found to be in a strained stereochemistry in all GST structures to date
and is involved in GSH binding. Gln79 is located in a flexible linker and
the density in this region is not good enough to be certain of its
stereochemistry. Ser79 is located at the midpoint in the bend of helix a 8
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Table 2
Refinement statistics.
Apo GSH Msu*
Nonhydrogen atoms
protein 3880 3880 3880
substrate 0 40 62
water 2 0 2
sulfate 0 0 10
Resolution (Å) 15.0–3.2 15.0–3.2 15.0–3.3
Rfactor (%)† 20.0 20.8 23.8
Rfree (%)‡ 29.1 30.6 33.5
Rmsds from
ideal geometry
bonds (Å) 0.008 0.008 0.009
angles (°) 1.3 1.3 1.4
dihedrals (°) 25.0 24.9 25.7
impropers (°) 0.7 0.7 0.8
Ramachandran plot (%)§ 98.4 98.6 98.6
*Msu = 1-menaphthyl sulfate. †Rfactor = S hkl ||Fobs| – |Fcalc||/|Fobs|, where
Fobs denotes the observed structure-factor amplitude and Fcalc denotes
the structure-factor amplitude calculated from the model. ‡5% of the
reflections were used to calculate Rfree. §The values are given for the
percentage of residues in allowed regions of the plot.
Figure 7
Ramachandran plot to show the quality of the final GSH-bound hGST
T2-2 model. The different shadings from darkest grey to white
represent graduations of most favored regions, over additionally
allowed regions and generously allowed regions, to disallowed
regions. (The plot was generated using PROCHECK [48].)
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and thus its strained geometry appears to be associated with a struc-
tural role for the residue. No residues scored below 0.25 in the 3D–1D
profile indicating that no residues were in chemically unreasonable envi-
ronments [49]. A 179.7° rotation is required to superpose the
monomers. The two monomers are essentially identical with a rms devia-
tion for all Ca atoms of 0.04 Å and no differences greater than 0.2 Å.
The correlation coefficient on matched B’s was 0.93. There are four
buried charged groups, Arg15, Glu97, Asp166 and Glu171: Arg15
interacts with Glu171, Gln175 and the mainchain of Val10; Glu97 inter-
acts with Arg94 and the mainchain and sidechain of Ser65 (from the
other monomer); Asp166 interacts with the N e 1 atom of Trp193 and the
mainchain of Thr163; and Glu171 interacts with Arg15 and His210.
The apo structure
The final hGST T2-2 model (minus GSH and water molecules) was
refined against the apo data set in a similar fashion to that detailed
above. Prior to refinement, the model was heated to 4000 ° C using sim-
ulated annealing to remove any bias. In addition, simulated annealing
omit maps around the G site and the C-terminal extension were per-
formed. Two rounds of positional refinement, with strict NCS restraints
(as above) and bulk-solvent correction yielded a model with Rfactor of
20.0% (Rfree of 29.1%) for all reflections between 15–3.2 Å. Grouped
B factors (with mainchain atoms of each residue being defined as one
group and sidechain atoms another group) were refined in the last
round of refinement (with tight restraints) and this was accompanied by
a significant drop in the Rfree value.
The vanadate complex
SIGMAA-weighted 2Fo–Fc and Fo–Fc maps were calculated using
phases derived from the GSH complex structure after removal of GSH
and solvent molecules. The difference Fourier map calculated at 4 Å
resolution showed two significant features with peak heights of 3.6s
and 5.5 s . These features occurred at the same position in each
monomer of the dimer.
The 1-menaphthyl GSH complex
The starting model for the refinement of this complex was the GSH
complex structure after removal of GSH and solvent molecules. Initial
rigid-body refinement was performed to take account of any changes in
crystal packing. Examination of twofold averaged maps after rigid-body
refinement clearly indicated electron density for the aromatic rings of
the menaphthyl moiety and for GSH (see Figure 3d). At this stage it
was clear that the conjugation reaction between MSu and GSH had
taken place. In addition, a large blob of density was observed in close
proximity to the aromatic rings which was subsequently interpreted as
the sulfate ion which had been cleaved from MSu in the conjugation
reaction. After one round of positional refinement, the MSu conjugate
(constructed using INSIGHT II from Molecular Simulations Inc., San
Diego, CA, USA) and a sulfate ion were modeled into the density. In
addition, one water molecule bound to the sulfate ion in each monomer
was included in the model. A final round of positional refinement,
including grouped B factor (one group for mainchain atoms and one
group for sidechain atoms of each residue) with tight NCS restraints,
was performed to produce the final model. The refinement statistics are
given in Table 2.
Accession numbers
The atomic coordinates will be submitted to the Brookhaven Protein
Data Bank.
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